Abstrac-A Linear model of a closed threeshaft Brayton cycle is developed. The model is intended to give an understanding of the dominant dynamic behavior in a nuclear power system that utiliEes a closed three-shaft Brayton cycle. The insighe gained from the model em be used for system design as well BP for the design of canhol algorithms [1],[21.
I. INTRODUCTION HIS paper outlines the development of a linear model of T a nuclear power system that makes use of a closed three-shaft Brayton cycle.
The example that is used is the Pebble bed modular reactor (PBMR), a new generation nuclear reactor currentlv compressed by the Compressors with inter-cooling to improve efficiency. The helium is preheated in the recuperator before entering the reactor.
The amount of power delivered by the power station is P~OPOI~~OMI to the amount of helium in the cycle, provided that all bypass valves are closed. Helium can be extracted at the HP compressor outlet and injected at the pre-cooler inlet.
By allowing bypass flow around the compressors by means of a bypass valve, helium can be circulated through the compressors providing reserve power that can be used during sudden demand increases. Helium can also be bypassed exclusively around the pre-cooler and LP compressor via a LP compressor bypass valve. Within the system various non-linear relationships exist between the system parameters such as temperatures, pressures and shaft speeds. The shaft inertias and volumes in the system represent energy storage elements. The relationship between the parameters and the effect of the volumes and shaft ineaias will depend on the particular mode in which the power system is. This paper concentrates on the normal power operation mode of the power system and for the purpose of the linear model the following anifold assumptions are made:
The dynamics of the reactor are much slower than the dynamics of the rest of the system. The outlet temperature of the reactor is therefore assumed to be constant. The inlet temperatures to the compressors remain constant during small transients due to the presence of the pre-cooler and intercooler. The dynamic changes in pressure losses around the circuit (except for those inherent in the turbo machines) are considered to have a negligible effect on the system dynamics. The leak flows between components have negligible effects during transients. The inlet, outlet and bypass valves are simply modeled as mass flow sources. It is assumed that the effect of the system between the Raclor I being developed in south Africa [3]. ~i~. I shows the layout HP compressor and turbine, including the reactor and recuperator high-pressure side, can be modeled as one volume (capacitance). The capacitance between the turbines is considered to be negligible because the vohimes are relatively small and at high tempemwe. This is derived from the fact that capacitance is proportional to volume and inversely proportional to temperature. of the PBMR. At the outlet, helium at a temperame and is expanded in a high-pressure turbine, low-pressure turbine and power turbine, ~t is then cooled in the recuperator and pre-cnoler is then
~~
The capacitance between the compressors is not 'The work WBJ dons while in r&cc of PBMR.
considered to be negligible because the temperature is very low at this point. It is assumed that a significant capacitance resides between the outlet of the power turbine and the inlet to the LP compressor. This is because there is significant volume between these components, and the temperature is a mixture of low and high temperature. It is assumed that the generator is locked to the power grid and as such, the power turbine shaft speed is fixed.
With all of these assumptions, the simplified model of the PCU will be structured according to fig. 2 . Fig. 2 shows the significant capacitances Cp, CW and C , denoting the low pressure, medium pressure and highpressure capacitances respectively. For control purposes, we are interested in the system response due to perturbations in the steady state mass flow rates, in other words the perturbations qo, qi and q2. DEVELOPMENT Since the objective is to develop a linear model that will give insight into the dynamics of the power control unit, attention is only given to the variations in the state variables due to perturbations in some of the other state variables, and not the absolute value of the system state variables.
GENERAL NOTFS ON LINEAR MODEL
Consider an arbitrary system variable K which is a nonlinear function of a number of other variables, say, X , and Xz and is initially in the steady state. The X variables could be system inputs, system states or both. Y is thus defined as is removed, it follows that: a y a y y i , -x , + -x , ax, ax,
(4)
It is naturally assumed that the partial derivatives are evaluated at the operating point of the system. Equation (4) is typical of the linear expansions that will be used throughout this paper and is easily extended to functions of more variables. If it is also known that any one of the variables in the expansion is dependent on any other variables, e.g. say X , = f ( X , , X , ) , it follows that ax ax ' ax, ax, ''
Substitution of (5) into (4) yields Equation (6) is an application of the chain rule for partial derivatives. This relationship is used extensively in this paper.
LINEARMODELS OF THE TURBO-MACHINES
The turbine and compressor models (both non-linea and linear) presented here make the following basic assumptions: y = f ( X , , X , ) .
(1)
Assume that in (I) either or both of the variables XI and X, are perturbed by small amounts, resulting in a small change in Y. It then follows that
(2) .
xi and xz represent small changes in X I and X, respectively and y represents a small change in Y due ta x, and x2. The subscript 0 denotes the steady state quantity. When a first order Taylor series expansion is applied, it follows that . .
The machine has no inlet or outlet volume. The volume of diffusers or the inlet chamber must be accounted for using extemal volume elements. There is infinitely fast pressure bansfer across the machine (i.e. there is no significant volume inside the turbine or compressor). This means that if the pressure on one side of the machine changes, the effects are immediately felt on the other side. The steady state turbindcompressor maps provided by the manufacturer are assumed to be valid under transient conditions.
There is no energy flow across the boundaries of the machine, except via the gas flow and the shaft. ( N ) to pressure ratio (P", PE) and another that relates non-perturbed quantities described earlier. All steady state dimensional speed and non-dimensional mass flow to values have been removed. It should be noted however that isentropic efficiency (q,, qc), Examples of these maps are the partial derivatives are calculated using the steady state illustrated in fig. 3. values. Given the non-linear algorithms described above, 
1)
Unless defined otherwise, the constant values K and C are the partial derivatives, for example
pol
Pol denotes the steady state value of the outlet pressure.
2) Marsflow rate: According to the turbine maps, the pressure ratio is also a function of non-dimensional mass flow rate and non-dimensional speed, which in turn is a function of the inlet pressure andor inlet temperature. By applying the chain rule the following relationship can be formulated
'
The following relationships apply:
Q is the mass flow rate through the machine (in kg/s), N is the speed of the machine shaft (in reds), TI is the total machine inlet temperature (in K) and P, and Pz are the total machine inlet and outlet pressures respectively (in bar).
Normally, the pressure ratio, inlet temperature and shaff speed would be the known input variables from which the m a s flow rate and isentropic efficiency can be determined via the maps. The outlet temperature can be calculated with the following relationships for turbines and compressors respectively: y is the ratio of the specific heat at constant pressure C, temperature and shaft output power respectively:
F = Q C P ( T -T 2 ) .
1 , = Cqr, .t, + CqP" ' P"
The symbol W is used to distinguish between power and 
D. The linear compressor model
The procedure for developing a linear compressor model is the same as for the turbine model. As with the turbine model, it is assumed that the change in compressor efficiency is small during a transient, as to have negligible effect on the dynamics. Since there is a significant volume between the compressors, their models cannot be combined and both the compressors will have models similar to (16).
(I7)

IV. A LINEAR MODEL OF THE TURBO-MACHINE S H N T
DYNAMICS
The shaft power delivered by a turbine to its shaft is given by
W, is the work done on the shaft by the turbine and q , , is the mechanical efficiency of the shaft, taking into account friction losses in both the turbine and the compressor. T, is the torque supplied by the turbine to the shaft and N is the shaft speed. Hence the torque supplied by the turbine to the shaff is dven bv
By developing a model for each turbine as described earlier and by realizing that plS =p2" ; plc =pz8 and fIB = 12"
; f l C = In, the output variables can be related to the input variables in a similar fashion as in (16). The following expression is used
If it is assumed that the mechanical efficiency remains constant, the expression in (20) can be linearised to find the torque perturbation due to a change in speed or shaft power:
By identical derivation to the above, it can be shown that the compressor change in torque due to changes in its sbafl power or shaft speed is Recognizing that the net accelerating torque on the shaft is given by the sum of the torques acting on the shaft, we can solve for the change in shaft speed using Newton's second law: C is the system capacitance in kg/Pa, V is the volume in m' , a is the speed of sound of the gas in the volume, y is the specific heat ratio and n is a constant which under adiabatic conditions equals y, while under isothermal conditions (i.e. (31), the inlet temperature to the HP turbine and the power turbine shaft speed is assumed to be constant, hence the terms containing these variables are neglected.
Equations (28) to (31) completely describe the linear model of the power system. In order to write the system equations in state space format, it is necessw to substitute equations (30) and (31) into (28) It is thus possible to determine the transfer function matrix from the control inputs (U) to the system outputs cy),
VII. COMPARISON B E M E N THE LINEAR MODEL AND
FLOW"
In order to test the validity of the model, simulations were performed with helium injection, extraction and bypass and compared to similar simulations in Flownex (a commercial thermo-hydraulic simulation package). Although moderate deviations occurred in some instances due to the fact that not all system dynamics were taken into account, the results showed that the linear model compared fairly well with the Flownex model. Depending on the demands of the control application, the linear model can be refined to include more system dynamics. Figures 5 and 6 show the flow rate and pressure results on the helium injection simulation.
VIII. CONCLUSION
The linear model developed in this document is a simplified model that gives an understanding of the dynamic system behavior suitable for control design. The results indicate that the linear model captures most of the dynamics when compared to Flownex simulations. 7 k operating range for which the model is valid still has to be investigated, Also, multiple linear models can he developed describing multiple system modes and also the transitions between the modes.
